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ABSTRACT
Anew empiricalmodel of ocean tides has been developed for theWeddell Sea, south of 668S, between 908W
and 08, using six years of radar altimeter data from theCryoSat-2 satellite mission. Because of its long ground-
track repeat period (368 days) and its diverse measurement modes, low-rate mode (LRM) over the ocean and
synthetic aperture radar interferometric mode (SARin) over ice surfaces and parts of the ocean, the CryoSat-
2 data pose a number of challenges for tidal analysis. The space and time sampling properties of the exact
repeat, near-repeat, and crossover ground tracks have been analyzed to discover which tidesmay be estimated
using a combination of conventional harmonic analysis and local spatial regression. Using this information,
theM2, S2, K2, N2, K1, O1, P1, andQ1 tides have beenmapped for both the ocean and floating ice shelves in this
domain. Validation against independent in situ data, along with comparison with existing tide models, finds
that the CryoSat-2-derived tides are consistent with previous estimates and that they are more accurate than
othermodels at theM2 and S2 frequencies. The high inclination of theCryoSat-2 orbit causes the orbit plane to
precess relatively slowly, which leads to significantly less accurate estimates of theK2 tide. This purely em-
pirical model ought to provide improved tidal corrections for studies of low-frequency variability and secular
trends in ice shelf thickness, and it suggests that further increases in quantitative accuracy could be achieved
by assimilation of CryoSat-2 data into dynamical tide models.
1. Introduction
The study of ocean tides in the era of satellite altim-
etry has changed our understanding of tides in the deep
ocean (Fu and Cazenave 2001), led to improved quan-
titative measures of the rate and distribution of baro-
tropic tidal dissipation (Cartwright and Ray 1991;
Egbert and Ray 2003), and is leading to insights into
smaller-scale coastal and internal tides and their re-
lationship to wind-driven and thermohaline processes
(Ray and Cartwright 2001; Ray and Zaron 2011; Müller
et al. 2014). These studies have traditionally utilized
data from satellite missions in orbits designed with
consideration of tidal periodicities (Parke et al. 1987).
For example, the orbits of the TOPEX/Poseidon,
Jason-1, and Jason-2 missions were selected to avoid
aliasing tidal variability into seasonal, annual, or longer
periods in order to clearly separate the tidal signals from
secular change (Fu and Cazenave 2001). Likewise, the
orbits of the Geosat, Geosat Follow-On, and sun-
synchronous Envisat, ERS-1, ERS-2, and Satellite with
Argos and Altika (SARAL) missions were designed to
trade-off between tidal aliasing, spatial resolution, and
other mission priorities. Sun-synchronous orbits are
troublesome for tidal studies per se, since the largest
semidiurnal solar tide S2 is aliased to zero frequency
(Cheng and Andersen 2011). Nonetheless, the mis-
sions just mentioned, which shall be referred to as the
exact repeat missions (ERM), have been the primary
source of information about tides in the ocean, away
from coastlines.
In contrast, there have been other satellite altimeter
missions in orbits designed to achieve different objec-
tives, for which tides are not a primary concern. The so-
called geodetic mission (GM) phases of Geosat and
ERS-1 placed the satellites in orbits that traced out a
series of closely spaced ground tracks intended to map
the mean sea surface at high spatial resolution to infer
the small-scale features of the geoid (Sandwell and
Smith 1997). Several contemporary missions have also
occupied orbits with closely spaced ground tracks, which
can be achieved either through precisely controlled
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long-repeat orbits or through less-controlled drifting
orbits. The CryoSat-2 (June 2010–present), Jason-1
(May 2012–June 2013), SARAL (July 2016–present),
and Jason-2 (July 2017–present) missions are recent
examples for which high-quality GM altimeter data are
available (Marks et al. 2013).
Among these missions, the CryoSat-2 altimeter was
designed for studies of the cryosphere (Wingham et al.
2006). Its 888-inclination orbit covers higher latitudes
than other missions, and the Synthetic Aperture
Radar/Interferometric Radar Altimeter (SIRAL-2)
instrument on CryoSat-2 is unique in that it is capable of
switching between three modes, low-rate mode (LRM),
synthetic aperture radar (SAR) mode, and SAR in-
terferometry (SARin) mode, each optimized for differ-
ent measurements (Bouzinac 2012; Boy et al. 2017).
When in the LRM, the SIRAL-2 instrument operates
like a conventional pulse-limited radar for measuring
the sea surface height. In SAR mode the altimeter
uses Doppler and phase information to increase the
spatial resolution of the range measurement in the
along-track direction, which is useful for identifying
floating ice and leads and for determining ice free-
board. Finally, the SARin mode utilizes two antennas
to form an interferometer in the across-track di-
rection, and it is used to map steep and highly variable
ice and snow surfaces. Unlike the SARAL and Jason
missions, CryoSat-2 does not carry a microwave ra-
diometer, so the altimeter range cannot be as accu-
rately corrected for wet troposphere path delays (Francis
2007; Bouzinac 2012).
This paper makes a systematic effort to map ocean
tides with the CryoSat-2 altimeter, taking advantage of
its unique orbit and capabilities to extend the tidal maps
onto the floating ice shelves of the Weddell Sea at lati-
tudes south of 668 (Fig. 1), the limit of the TOPEX/
Poseidon and Jason orbits. The motivation is twofold.
It is both an exploration of the accuracy attainable
from GM altimetry and an effort to improve the pre-
cision of tidal estimates at high latitude. The latter are
important for the utilization of, for example, GRACE
data to study the cryosphere and hydrologic cycle,
since aliased tidal variability is a significant source of
noise for that mission (Ray and Luthcke 2006; Wiese
et al. 2016).
The organization of this paper is as follows: section 2
analyzes the sampling properties of the CryoSat-2 orbit
to determine which tidal frequencies are plausible can-
didates for mapping; section 3 describes the approach
taken to reduce nontidal signals and improve the pre-
cision of the tidal analysis; section 4 outlines the meth-
odology, which combines harmonic analysis with spatial
regression, for identifying the tides and dealing with the
limitations imposed by the long-repeat period of the
CryoSat-2 orbit; section 5 presents cotidal charts derived
from CryoSat-2 and assesses their accuracy by compar-
ing them with in situ data and other tide models; and,
finally, sections 6 and 7 summarize and discuss the re-
sults in the context of other studies and make sugges-
tions for further research.
2. The CryoSat-2 orbit and tidal analysis
The feasibility of performing a tidal analysis of the
CryoSat-2 data for a particular tidal frequency depends
not only on the characteristics of theCryoSat-2 orbit but
also on the size and stability of the tides in question.
Hence, it is useful to begin by considering what is known
about tides in the Weddell Sea, and let this information
guide a detailed analysis of the orbit.
Although time series of water and ice shelf elevation
within the Weddell Sea are sparse, GPS time series,
generally shorter than a year, are available on the ice
shelves (King et al. 2011), and a long time series of tide
gauge data are available on the western side of the
Antarctic Peninsula at the Faraday/Vernadsky Base
(65.2458S, 64.2678W). Tidal analysis of GPS records by
King et al. (2011) finds that the four largest astro-
nomical tides areM2, S2, K1, andO1, followed byK2,
N2, P1, andQ1. Nonlinear overtides with sufficient
signal to noise for identification at some stations
areNO1,MK3,MO3, andM4. Annual and semiannual
variability Sa and Ssa are identifiable at some stations
but at a level barely above the background of low-
frequency variability, and they shall not be considered
further.
FIG. 1. Analysis domain. Surface type is water (dark blue),
floating ice (light blue), continental ice (gray), and land (red), ac-
cording to the RTopo-2 database (Schaffer et al. 2016). For ref-
erence the sites of in situ GPS and water-level data used for
validation are shown with white circles; these are discussed later in
the text in the context of Fig. 11.
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When mapping ocean tides with satellites the con-
siderations are, generally, the spacing of the ground
tracks relative to the horizontal scales of the tidal ele-
vation field and the alias periods of the tidal harmonics
in relation to the length of record of the satellite data.
TheCryoSat-2 orbit has a long repeat period of 368 days
(Table 1), which covers Earth with an array of 10 688
ascending and descending ground tracks with an inter-
track spacing of about 7.5 km at the equator (Francis
2007). Track spacing reduces with latitude, allowing the
polar regions to be mapped with high spatial resolution
approximately every 28 days, the length of a near-repeat
pseudosubcycle. Figure 2 illustrates the spatial density
of tracks in the southern Weddell Sea and Antarctica
during a 30-day period encompassing a pseudosubcycle.
Tidal observations would be impractical if only the
exact-repeat orbit aliases of CryoSat-2 were consid-
ered. Instead, consider the closely spaced parallel
tracks associated with the pseudosubcycles as well as
the intersections of ascending and descending tracks.
Figure 3 illustrates the time interval Dt between suc-
cessive measurements within a 30-km-diameter re-
gion at 708S during a representative 60-day period.
There are measurements near Dt5 2 days and 29 days,
the pseudosubcycles, and there are even more mea-
surements near Dt 5 7 days and 20 days associated
with crossovers. The sample interval associated with
orbit crossovers is a complex function of latitude
(Wunsch 1989; Morrow et al. 1994), but the histogram
of Dt provides a useful starting point for examining the
feasibility of a tidal analysis with CryoSat-2.
Given the above sampling periodicities, Table 2 lists
the alias periods of the ocean tides identified as candi-
dates for analysis. The CryoSat-2 record extends from
July 2010 to present, approximately 2190 days. All of
the linear astronomical tides, excludingQ1, have alias
periods less than 2190 days and are theoretically re-
solvable at each point along the nominal repeat orbit
(Dt 5 368 days). The sample intervals associated with
neighboring tracks and crossovers within the 30-km
region lead to shorter alias periods, which, for the most
part, are distinct from each other. The M2, K1, O1, P1,
MO3, and MK3 tides have aliases between 14 and
16 days, associated with the two smallest (and most
frequently occurring) Dt sample intervals. TheQ1,MO3,
and M4 tides have aliases close to the semiannual
period Ssa, and M2 andO1 have aliases separated from
the annual period Sa by about 10%. The study of alias
periods is not definitive, though, since the cross talk
between the frequencies depends on the number of
samples with the given Dt as well as the size of the har-
monics and the character of the noise associated with
them. So, for example, the coincidence of the 16-day ali-
ases ofMO3 and M2 is problematic for identification of
the smaller MO3. Conversely, the spurious 1-mm-level
contribution of MO3 to M2 is smaller than the un-
certainty of the latter and may be neglected.
Another factor to consider is the distribution of pha-
ses sampled. The failure to uniformly sample the phases
can lead to errors in nominally well-resolved harmonic
constants. For example, the phases of M2 and K2 for
measurements within the 30-km-diameter disk used
above are highly correlated (Fig. 4a). Even though the
alias periods are well-separated, the correlated phases
TABLE 1. CryoSat-2 orbit parameters.
Orbit attribute Value
Altitude 717.242 km
Inclination 928
Repeat cycle 368.24 days
Orbits per cycle 5344
Track spacing at equator 7.5 km
Pseudosubcycles 28.33 days, 2.18 days
Orbit period 1.654 h
Mean local solar time drift 2179.21 s day21
Longitude of ascending node 309.378
FIG. 2. CryoSat-2 ground tracks during a 30-day period. This
enlargement of the southernWeddell Sea and Filchner–Ronne Ice
Shelf illustrates the density of ground tracks over a 30-day period
encompassing a pseudosubcycle; tracks in black occur within
a shorter 3-day period. Line thickness increases over the ocean
where the altimeter operates in LRM. Notice that the tracks be-
come somewhat irregular when the altimeter operates in SARin
mode, which measures the lateral location of off-nadir reflections.
The map uses a polar stereographic projection with easting and
northing indicated (km).
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lead to correlated errors between harmonic constants
at these frequencies. Estimation of M2 by itself is prob-
lematic since there is an excess of measurements near
phases21 and12 radians but a deficit near23 and11
radians (Fig. 4b). This phase bias is itself variable in
longitude, and if it is not corrected it leads to spuri-
ous zonal oscillations in theM2 harmonic constants,
similar to the situation with Geosat (Cartwright and
Ray 1990).
As an example, consider the harmonic constants
forM2 andK1 across a zonal section through the Wed-
dell Sea at 708S (Fig. 5). Two estimates of the harmonic
constants are shown, one based on data within small,
30-km-diameter bins and the other based on data within
larger, 240 km 3 30km zonal bins. The estimates from
data within small bins display a zonal waviness that is
most evident for M2, as suggested above. The larger,
zonally elongated bins utilize more data and more uni-
formly sample the phase of the tides, leading to more
accurate and stable tidal estimates.
Some of the tidal frequencies are poorly sampled even
with the zonal averaging. BecauseCryoSat-2 is in a high-
inclination orbit, the orbit plane precesses very slowly
and its orientation is nearly fixed with respect to the
lunar orbit plane (Capderou 2005). Table 3 lists the
phase increments (degrees of phase change) associated
with the sample intervals listed in Table 2. All the
frequencies exceptK2 andS2 undergo a phase change of
458 ormore for the shortest sample intervals,Dt5 2 days
and Dt 5 7.5 days, most relevant to the spatially binned
data. TheK2 is particularly problematic since the phase
changes are small for all sample intervals less than the
repeat period, Dt 5 368 days. Figure 6 shows the phases
of the K1 and K2 tides sampled by CryoSat-2 within the
240 km 3 30 km bin used above. Although the alias
period of K1 is twice that ofK2, within any given 20-day
period, the K1 tide is sampled at two phases, approxi-
mately 1708 apart. In contrast, over the same period,
theK2 tide will be sampled within a narrower range of
only about 308. Consequently, one should expect tem-
porally correlated error, such as elevation change asso-
ciatedwith snowfall or the slowmovement of ice floes, to
have a much greater influence on estimates of K2, as
compared with the other tides.
Figure 7 illustrates how the accuracy of the harmonic
constants is expected to vary as a function of the zonal
bin length. Let F be the design matrix with elements
zj(tk) 5 fj(tk)exp{i[Vj(tk) 1 uj(tk)]} following the custom-
ary notation for the nodal amplitude and phase factors fj
and uj and the phase function Vj, computed from the
astronomical arguments using the Doodson numbers
defining the jth tidal harmonic (Doodson 1921). The ele-
ments of the least squares normal matrix, G 5 (FTF)21,
may be used to compute ~r, the theoretical cross-
correlation matrix for the uncertainty of the har-
monic constants:
~r5 (G)21/2d G(G)
21/2
d , (1)
where (G)d is equal to the diagonal matrix with ele-
ments equal to the main diagonal of G (Cherniawsky
et al. 2001). Let r(X, Y) be defined as the maximum
TABLE 2. Tidal alias periods. Alias periods (days) are given for
sample intervals that occur when CryoSat-2 data are accumulated
within 30-km spatial bins at 708S.
Sample interval Dt (days)
368.2396 28.9410 19.4246 7.5180 1.9983
M2 800 371 42 16 14
S2 768 245 129 209 576
K2 743 715 438 98 267
N2 2095 225 113 30 9
K1 1486 1430 41 16 535
O1 1262 294 347 638 14
P1 1591 209 52 15 277
Q1 5106 195 55 26 9
NO1 3170 962 86 28 29
MO3 2187 164 47 16 7
MK3 1734 500 1682 115 15
M4 4633 185 288 140 7
FIG. 3. Histogram of sample intervals, for Dt , 50 days during
a representative 60-day period, within a 30-km-diameter disk at
708S. Samples near Dt 5 2 and 29 days are associated with pseu-
dosubcycles. The samples near Dt 5 6 and 20 days are associated
with intersecting ascending and descending tracks.
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correlation of in-phase and quadrature components for
tides X and Y, the quantity plotted in Fig. 7. For the
latitude of 708S, a zonal bin length of 240 km corre-
sponds to a local minimum in r(M2,K2). The zonal av-
erage harmonic constants at this scale should be a factor
of 1/
ffiffiffi
8
p
more accurate than the estimates using the
30-km-diameter disk because of the additional quantity
of data in each estimate, and the error correlation should
be reduced bymore than a factor of 10. Note that r(M2,K2)
is shown in the figure, but the other correlations in-
volving the semidiurnal tides behave similarly, although
they are of smaller magnitude. The error correlation of the
diurnal tides, the largest of which is r(K1,P1), also can
be reduced by zonal averaging, but the main reduction
occurs within the first 100 km and there is little im-
provement with further averaging. Table 2 indicates
thatNO1 is likely to be the most easily identified non-
linear overtide; however, preliminary harmonic analyses
found that it could not be reliably estimated. Figure 7
shows the r(NO1,K1) correlation and indicates that
additional spatial averaging would be necessary to
decorrelate theNO1 error from theK1 error. Since it
appears that the nonlinear overtides cannot be identified
at the scales at which they are likely generated, they
FIG. 5. Tidal harmonic constants computed from CryoSat-2 data along a section at 708S.
The in-phase (black) and quadrature (red) components of the harmonic constants for K1
(small circles and dashed lines) andM2 (large circles and solid lines) are shown. Circles in-
dicate results using data within 30-km-diameter bins; correlated error is evident as noise with
a wavelength of about 200 km. Lines indicate results using data within 240 km3 30 km zonal
bins (length scale indicated near 3308E); the noise is greatly reduced.
FIG. 4.CryoSat-2 observations relative to tidal phase within a 30-km-diameter disk of ocean at 708S. (a) Timing of
CryoSat-2 observations in theM2–K2 phase plane. (b) Probability distribution function (PDF) ofM2 phase as seen
by CryoSat-2. The nonuniform sampling leads to correlated errors and biased estimates of harmonic constants if
CryoSat-2 data are analyzed within small bins.
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shall henceforth not be considered as candidates for
analysis with CryoSat-2.
Figure 8 shows how r(M2,K2) varies as a function of
latitude poleward of 668S. The spatial density of the
ground tracks increases poleward up to the orbit in-
clination of 888, and this has the dual effect of increasing
the diversity of tidal phases sampled and increasing the
number of data, both of which lead to a reduction in the
error correlation. To optimize the accuracy of the har-
monic analysis, below, the data-binning length is per-
mitted to vary as a function of latitude, according to the
dashed line, which has been subjectively alignedwith the
minimum of the error correlation field in Fig. 8. The bin
size varies as a linear function of latitude from 75km at
858S to 300 km at 668S:
DL5 300 km3 (9282juj)/268 , (2)
where u indicates latitude.
3. Corrections for nontidal signals and the
mean surface
The discussion has so far emphasized how the
CryoSat-2 orbit influences the theoretical accuracy of
harmonic analysis. Another consideration is the char-
acter of nontidal signals in theCryoSat-2measurements.
When CryoSat-2 is operating in LRM, the instrumental
precision is similar to that of other nadir altimeter mis-
sions (Garcia et al. 2014). The main difference is that
the satellite does not carry a microwave radiometer
for making observations of atmospheric water vapor, so
the associated path delay must be estimated from a
numerical weather prediction model (Bouzinac 2012).
The path delays and other geophysical corrections that
are applied to the CryoSat-2 level-2 baseline-C product
are listed in Table 4 (Webb andHall 2016). Note that the
data product includes both the elevation measurements
and corrections; therefore, the nominal ocean tide cor-
rection was removed from the elevation product before
subsequent analysis, below.
The elevations of the mean sea and ice surfaces along
the orbit ground tracks are not known with the same
precision as they are known along the historical ERM
ground tracks. A large component of the mean ice sur-
face variability, which can exceed meters of elevation
per kilometer, is at scales smaller than the typical ocean
tide signals, and if this is not removed it adds signifi-
cantly to the nontidal noise of the measurements. In
principle, the mean surface could be identified as part of
the harmonic tidal analysis, since it simply corresponds
to the zero frequency, but this approach is not feasible
because of the disparate scales of tidal and mean surface
variability. The discussion of the orbit indicates that
spatial averaging is necessary to reduce error correla-
tions, at least for the present length of the data record.
The approach taken here is to separately estimate the
mean surface by binning the data at a resolution of about
3.5 km, which is a compromise between minimizing the
loss of spatial resolution while improving the stability of
the estimate. The number of data per grid cell shows the
influence of off-nadir returns in SARin mode, which
TABLE 3. Phase increments as a function of sample interval. The
change in phase (degrees) associated with the sample periods listed
in Table 2 is given.
Sample interval Dt [days]
368.2396 28.9410 19.4246 7.5180 1.9983
M2 166 28 168 170 50
S2 173 43 54 13 1
K2 178 15 16 28 3
N2 63 46 62 91 76
K1 89 7 172 166 1
O1 105 35 20 4 51
P1 83 50 134 179 3
Q1 26 54 126 102 77
NO1 42 11 82 96 25
MO3 61 64 148 175 101
MK3 76 21 4 24 49
M4 29 56 24 19 100
FIG. 6. Phase sampling of K1 andK2. The phases of theK1 tide
(black) and the K2 tide (red) are shown, as sampled within
a 240 km 3 30 km zonal patch in the Weddell Sea. Although the
alias period of theK2 tide is shorter than the alias period of theK1
tide (Table 2), CryoSat-2 frequently samples theK1 tide at two
phases almost 1808 apart. In contrast, only a small range of phases
of theK2 tide are sampled in any short window.
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tend to occur from high points in the illuminated scene
(Fig. 9). The number of data per grid cell also shows
differences as a function of instrument mode, with many
more SARin returns compared to LRM, for example.
The standard deviation of elevation within the
3.5-km grid cells provides additional insight into the
variability observed by CryoSat-2. Figure 10 shows that
small-scale features are visible, even over the ocean,
which appear to be the result of discrete icebergs.
Variability near the grounding lines and other sites of
macroscale roughness appears to reflect subgrid-scale
features.
In addition to the above considerations, the final
component of data processing prior to harmonic
analysis involves some basic quality control to identify
spurious data. When the satellite is in the vicinity of
rough surfaces, there are occasionally large outliers,
which deviate by64m or more from the mean surface,
while the typical tidal range is much less than this. It
is hypothesized that these outliers are the symptom
of a waveform retracker error related to the inter-
ferometer beamforming or phase unwrapping in
SARin mode. It appears that the off-nadir reflection
point is not correctly identified since the range mea-
surement is too large (i.e., negative sea or ice surface
elevation), as if a distant off-nadir reflection had been
mapped to an apparent near-nadir point (Gomez-Enri
et al. 2016).
4. Spatially coupled harmonic analysis
Section 2 described how the extent of spatial averag-
ing is related to identification of tidal harmonics, given
the orbit characteristics of the CryoSat-2 altimeter.
Harmonic analysis can be directly applied to time series
of the data within averaging bins; however, more accu-
rate estimates of the tidal elevation can be obtained
using a model for spatial dependence of the tide within
the bins. The approach used here is a spatial signal
model that consists of a Pth-order polynomial in a lo-
cally defined tangent plane:
ĥ
j
(x, y)5 
P
p50

P2p
q50
a
jpq
xpyq , (3)
where x 5 (f 2 f0)re cos(u0) and y 5 (u 2 u0)re
define the local coordinate system around the
latitude–longitude coordinates (u0, f0) and re is the radius
of Earth. Using the same temporal function zj(t) as
above, the complete model for the jth tidal harmonic
FIG. 7. Theoretical error correlation inferred from the normal
matrix used in the least squares determination of the harmonic
constants. The largest error correlation among each frequency
group is as follows: r(M2, K2) (dashed black line) is the worst
combination of semidiurnals, and the other semidiurnal frequency
pairs follow a similar pattern; r(K1, P1) (solid black line) is the
worst combination involving diurnals; r(NO1, K1) (red line) is
the worst correlation involving theNO1 nonlinear overtide. The
other overtides have poorer (larger) error correlations and are
not shown.
FIG. 8. The theoretical error correlation r(M2, K2) is shown as
a function of latitude when the data are binned within a circular
disk on the local tangent plane. The dashed white line indicates the
optimal data-binning scale, which is approximately a linear func-
tion of latitude.
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is given by hj(x, y, t)5 ĥj(x, y)zj(t). The coefficients ajpq
are computed by finding the least squares solution to
h5Fa , (4)
where h is the vector {hk} of CryoSat-2 data within the
patch centered on (u0, f0), F is the design matrix with
entries xpky
q
kzj(tk), and a is the vector {ajpq} of coefficients
to be determined.
The ordinary least squares solution of the above is
a5 (FTF)21FTh, and this shall be referred to as the
nominal tide estimate. To examine the stability of the
estimates, three other tide estimates are also obtained.
The first of these is denoted the 2DL estimate, and it is
computed with double the nominal data bin scale [(2)].
The next estimate is the weighted least squares (WLS)
estimator, a5 (FTWF)21FTWh, where the weight W is a
diagonal matrix equal to the inverse of the square of
the variability displayed in Fig. 10; the WLS estimator
therefore accounts for spatial variability of the nontidal
variance, primarily due tomoving sea ice and the ice shelf
edge. The final estimate is the iteratively reweighted least
squares (IRWLS) estimator, and it is based on theHuber
loss function (Huber 1964); the IRWLS estimator ro-
bustifies the WLS estimator and reduces the influence of
data that contain little tidal variance (Huber 1981).
Local models for hj are computed on a regular grid of
coordinates defining overlapping tangent planes, and
the model coefficients are used to estimate the in-phase
and quadrature components of the harmonic constants
at the origin of the tangent plane (u0, f0). The diameter
of the binning disk in the tangent plane is given by the
latitude-dependent scale given by (2) and indicated in
Fig. 8. It was hypothesized that the bias of the rudi-
mentary estimate based on the averaged data (P 5 0)
could be reduced by using quadratic and higher-order
terms (P$ 2) in the spatial model; however, in practice,
the estimation of additional model parameters with P. 1
led to suboptimal results, even with increased DL.
Hence, the results shown below simply use the linear
spatial model, P 5 1. Note that some topographic fea-
tures (e.g., the Antarctic Peninsula) are smaller than the
scale of the tangent plane, and if this were not taken into
account, the methodology would spuriously combine
data from opposite sides of geographic features. To
avoid this, as the data are assembled within the tangent
plane a test is made to see if continental land or
grounded ice is present along a line between the data
point and the origin of the tangent plane (u0, f0), using
the Refined Topography dataset, 1-min resolution,
version 2 (RTopo-2), surface type definition (Schaffer
et al. 2016). As a result, the harmonic constants are
based on fewer data and are of reduced accuracy ap-
proaching the land boundaries.
5. Results
The above-described methodology was applied to
estimating the tides from the CryoSat-2 measurements.
Table 5 provides a quantitative comparison with
in situ GPS (King et al. 2011) and historical tide gauge
data (King and Padman 2005; L. Padman et al. 2017,
unpublished data) at the locations labeled in Fig. 11,
indicated previously in Fig. 1. The error metric tabu-
lated is the root-mean-square vector error (rmsve), the
root-mean-square scalar elevation difference com-
puted from the complex-valued harmonic constants.
For comparison, the table also displays rmsve for the
FIG. 9. Number of observations per grid cell for Z0, the mean
surface. The polygonal boundary between low and high data counts
(e.g., near 758S, 608W) corresponds to the boundary of the in-
strument mode mask, with more returns from SARin than LRM.
TABLE 4. Geophysical and path delay corrections: ESA Cryosat-2
L2 baseline-C data release. Detailed information concerning the
source of each correction is found in Webb and Hall (2016).
Range correction Model or data source
Dry troposphere ECMWF
Wet troposphere ECMWF
Ionospheric path delay Global Ionosphere Map (GIM) and
Bent models
Long-period polar ‘‘tide’’ Instantaneous Polar
Location from CNES
Solid Earth tide Cartwright
Tidal loading FES2004
Long-period equilibrium
ocean tide
FES2004
Dynamic atmosphere
(ocean)
Modèle d’Onde de Gravité 2D
(MOG2D)
Inverse barometer
(ice shelves)
ECMWF surface pressure
Sea state bias Jason-2 CLS sea state bias (SSB)
model
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Goddard/Grenoble ocean tide model, version 4.10c
(GOT4.10c), and Circum-Antarctic Tidal Simulation
(CATS2008) tide models with respect to the same in
situ datasets. The GOT4.10c model was developed from a
response-type analysis of ERM altimetry (Ray 1999);
however, these data were generally too noisy to be used in
the Weddell Sea where sea ice is often present, and
GOT4.10c reverts to a combination of TPXO7.2 (Egbert
and Erofeeva 2002) and Finite Element Solution ocean
tide model 2004 (FES2004; Lyard et al. 2006). The
CATS2008 model is an updated version of the model
described in Padman et al. (2002) and employs the same
data-assimilative methodology as other high-latitude
tide models (Padman and Erofeeva 2004).
The table contains columns corresponding to the four
different solutions mentioned previously: the nominal,
the enlarged analysis window (2DL), the WLS, and the
robustified weighted least squares (IRWLS) estimators.
The most noteworthy difference among the solutions is
the large reduction in error forK2 using the 2DL esti-
mator, but this is not unexpected given the analysis of
phase sampling in section 2. In general, though, the
differences between the CryoSat-2-based estimates are
much smaller than the errors with respect to the in situ
data, and none of the estimates is unambiguously better
than the others, so no attempt is made to analyze the
differences in detail. Visually, the 2DL and WLS fields
are noticeably smoother than the others, and for display
purposes the 2DL solution shall be used for plottingK2
andQ1. Otherwise, the nominal solution is shown.
Cotidal charts for the four largest tides,M2, S2,K1,
andO1, are presented in Fig. 12. They are qualitatively
very similar to what has been obtained previously using
data assimilation of ERM altimetry and in situ data
(Padman et al. 2002). The main differences compared
to CATS2008 are smaller-scale structures near the
grounding line of the Filchner–Ronne Ice Shelf; however,
these are probably too close to the analysis boundary to
be reliable. Another qualitative difference is the shape
of the amphidrome at the edge of the ice shelf; it is
more confined to the ice shelf edge in the empirical
solution. The channels between the islands in the
Filchner–Ronne Ice Shelf are probably too small to
reliably estimate the tide within them, and the em-
pirical solution displays some questionable structure, a
slight waviness, to the west of Berkner Island. The
structure of the K1 and O1 tides along the continental
shelf break, near 708S, differs from CATS2008; the
region of maximum amplitude is more spread out in
the CryoSat-2 analysis.
Cotidal charts for the smaller tides,K2,N2, P1 andQ1,
are displayed in Fig. 13. The structure of theK2 amphi-
drome at the edge of the Filchner–Ronne Ice Shelf is
anomalous and is thought to be due to the poor sampling
of theK2 phase combined with the larger level of low-
frequency ice surface variability at the edge of the ice shelf.
The structure of theN2 tide is quite similar to the larger
semidiurnals, except that it is noisier, presumably due to
the larger alias period and the long synodic periods needed
to separate this tide from K1, P1, and Q1 (5106, 3170, and
6612 days, respectively, for Dt 5 368 sampling). As might
be expected, theP1 andQ1 tides are also noisy as a con-
sequence of interference withN2, but the same structure as
the other diurnals is visible.
Errors are very large at two sites, LAR2 and EE55,
which lie close to the grounding line, and these sites are
excluded from the summary statistics in Table 5. The
choice to exclude these sites is somewhat arbitrary,
however, since other sites close to land (A020) or the
grounding line (FR03) are retained, but the quantity of
TABLE 5. Summary comparison of GOT4.10c, CATS2008, and
CryoSat-2 tides vs in situ data at sites indicated in Fig. 11. The
columns under CryoSat-2 correspond to the four estimators men-
tioned in section 4.
rmsve (cm)
GOT4.10c CATS2008 CryoSat-2
Nominal 2DL WLS IRWLS
M2 4.3 4.5 3.1 3.9 3.2 3.2
S2 8.6 7.6 6.6 6.8 6.5 6.5
N2 1.3 2.0 1.7 1.5 1.6 1.7
K2 2.5 2.0 4.5 4.0 4.8 4.8
K1 4.5 2.4 2.9 2.8 2.6 2.5
O1 5.6 1.2 2.0 2.1 2.0 1.9
P1 1.4 1.2 1.4 1.1 1.2 1.1
Q1 0.8 1.0 1.5 1.1 1.4 1.4
FIG. 10. Standard deviation of elevation within each grid cell
defining the mean surface elevation Z0. The Filchner–Ronne Ice
Shelf Front is visibly prominent (cf. Fig. 1); other ice shelf fronts are
less visible as they are associated with more sea ice and small-scale
variability.
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satellite data going into the tidal analysis at these sites is
larger than at the excluded sites because of the shape of
the coastline. Amplitude and phase errors for each sta-
tion are provided in the appendix (Tables A1–A8), in-
cluding these two stations. Note that both GOT4.10c
and CATS2008 assimilated the L. Padman et al. (2017,
unpublished data) data within the southernWeddell Sea
subdomain (Fig. 11c; sites named with prefix ‘‘A’’).
Table 5 indicates that the CryoSat-2-derived tides are
more accurate than either model for theM2 andS2 tides.
The rmsve ofM2 is reduced broadly across the
Filchner–Ronne Ice Shelf and the western end of the
eastern Weddell Sea, at the ocean sites. The rmsve
of S2 is reduced at the eastern Weddell Sea sites, ex-
cept for the easternmost site, A020, and there is no
pattern to changes in the error on the Filchner–Ronne
Ice Shelf. On the Larsen Ice Shelf the rmsve of S2 is
reduced by 3 cm to 6 cm, but it is only reduced at the
northernmost station, LAR1, forM2. Note that the
tidal estimates at LAR2 and LAR3 are based on much
less data than at LAR1 owing to their proximity
to land.
The rmsve of CryoSat-2N2 falls in between the
values for GOT4.10c and CATS2008. An unusual fea-
ture of the N2 tide is that CryoSat-2 agrees better with
the CATS2008 model than it does with the GPS data
(e.g., at LAR1, LAR3, FR10, and FR03; Table A3).
The rmsve ofK2, 4 cm, is about twice the rmsve of the
GOT4.10c and CATS2008 models. Given the sampling
properties of CryoSat-2, it is surprising that theK2 re-
sults are accurate even at this level.
The rmsve of theK1,O1, and P1 tides fall between the
values for GOT4.10c and CATS2008, where the latter
has the lowest error. The rmsve of the Q1 tides is very
FIG. 11. Data sites used for model validation are located (a) on the Larsen Ice Shelf, (b) on the Filchner–Ronne
Ice Shelf, and (c) in the easternWeddell Sea. Errors at sites markedwith red dots, LAR2 andEE55, are tabulated in
the appendix but excluded from the root-mean-square summary statistics owing to their close proximity to the ice
shelf grounding line.
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slightly worse than either of the models. It is note-
worthy that the CryoSat-2 tides are the most accurate
of the set at the LAR1 station, which has the best
exposure to the ocean. The largestK1 error, 7.7 cm, is at
the FR10 station, closest to the Filchner–Ronne Ice
Shelf edge, and if it were not for this error, the rmsve
FIG. 12. The four largest tides mapped from CryoSat-2 data. The amplitude is shown with the color scale, and phase
lines are shown in 308 increments. The latitude-dependent averaging scale DL is indicated with the scale bars near the
eastern boundary of the plots. Note the continuity of the tidal fields across the ice shelf fronts (cf. Figs.1 and 11).
FIG. 13. As in Fig. 12, but for the four smaller tides mapped from CryoSat-2 data. For the purposes of visualization,
the 2DL estimate is shown for theK2 andQ1 fields.
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would be almost the same as that of CATS2008. Errors
at stations close to the ice shelf edge are also larger
forO1, P1, andQ1.
6. Discussion
The accuracy of tides estimated empirically from
CryoSat-2 are comparable to those computed from
ERM altimetry using data assimilation. Only the accu-
racy of K2 is seriously deficient, with rmsve substan-
tially arger than that of the CATS2008 model. The
spatial distribution of the difference fields between
the CATS2008 and the CryoSat-2-derived tide, in Fig. 14,
displays features similar to the corrections to tidal maps
inferred using GRACE (Han et al. 2007; Egbert et al.
2009) and ICESat data (Padman et al. 2008). The largest
differences in the semidiurnal tides occur on the ice
shelves, whereas the largest differences in the diurnal
tides occur in association with the continental shelf
break. The influence of frictional processes on tidal
dynamics is significant in precisely these regions, and
the difference fields likely indicate errors in the
CATS2008 frictional parameterizations (Padman
et al. 2008).
The interpretation of theCryoSat-2 versus CATS2008
difference as error in the CATS2008 model is consistent
with the formal estimates of uncertainty provided by the
least squares estimates, except near land. Uncertainties
FIG. 14. CryoSat-2 vs CATS2008 differences and uncertainty estimates. (top and middle) The root-mean-square
vector difference between the CryoSat-2 and CATS2008 tidal fields, denoted D(M2), D(K1), D(S2), and D(O1).
(bottom) The corresponding formal error estimate for the nominal (ordinary least squares) solutions, denoted
s(M2) and s(K1). Formal errors are elevated near boundaries and along parts of the ice shelf front where small-
scale variability is also large (cf. Fig. 10). Note the different color scales used in each panel.
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for theM2 andK1 tides shown in Fig. 14 have been
computed from the residual variance of the nominal
estimator (Cherniawsky et al. 2001). Uncertainty is
dominated by the proximity to land and variability as-
sociated with the ice shelf edge. Unfortunately, the
formal uncertainty estimate does not correspond in de-
tail to the actual errors observed where in situ data are
available (appendix); however, the relatively small
number of sites makes a detailed comparison in-
conclusive in any case.
The spatial structure of errors in the tide estimates are
likely to reflect a combination of factors. These include
the geographic variability in the nontidal signals, such as
the movement of small-scale icebergs (Fig. 10). There is
also likely to be geographic variability in measurement
error, such as seasonal changes in radar cross section
owing to firn density or surface roughness (Remy and
Parouty 2009). As evidence of this possibility, consider
the cotidal charts of the annual and semiannual period
‘‘tides’’ in Fig. 15, which were made using the same
methodology as described above. It is hypothesized
that the signals on the ice shelves, which far exceed
their amplitude at the Faraday/Vernadsky tide gauge
(not shown) and GPS stations (King et al. 2011), are a
measure of seasonal variability of snow and ice
properties on the ice shelf. There is also error related
to the waveform retracking and geolocation of the
range measurement (Nilsson et al. 2016; Wingham
et al. 2006), and this is likely to be significant in the
vicinity of complex surfaces such as the ice shelf edge
or, in some cases, the grounding line. Finally, the last
component of geographically correlated error is the
systematic error related to the spatial signal model
and its ability to represent small-scale features of
the tidal fields, particularly near the coastlines and
grounding lines.
The signal model used for the spatially coupled har-
monic analysis is ad hoc, and it would be preferable to
assimilate the CryoSat-2 data into a hydrodynamic
model, building on the work of Egbert and Erofeeva
(2002) and Padman and Erofeeva (2004). The spatial
structure would then be consistent with the hypothe-
sized tidal hydrodynamics, within the limits imposed
by imperfect knowledge of frictional effects and bar-
oclinic dynamics. The use of CryoSat-2 data would
increase by orders of magnitude the amount of data
currently assimilated from tide gauges, GPS, and
ICESat. It is also conceivable that assimilation might
permit some of the smaller linear tides and nonlinear
overtides to be identified in the Weddell Sea. Al-
though it was not emphasized above, CryoSat-2 has
favorable sampling characteristics for theMK3 andM4
overtides.
7. Conclusions
An empirical model for the eight largest diurnal and
semidiurnal tides in the Weddell Sea and adjoining ice
shelves has been developed using CryoSat-2 altimeter
data. The sampling properties of the CryoSat-2 orbit
were used to define the size of the latitude-dependent
data window to reduce interference among the tidal
frequencies, enabling the stable estimation of tidal am-
plitude and phase. The tides are estimated with a spa-
tially coupled least squares harmonic analysis in which
the in-phase and quadrature components of the tide are
assumed to vary linearly across a locally defined tangent
plane. The fields are mapped by performing this type of
local regression centered at points on a 1/88 3 1/28
(latitude by longitude) grid at latitudes poleward of
668S, from 908W to 08.
The tide model inferred from CryoSat-2 has been
validated using a collection of GPS and historical
tide measurements and by comparing it with the
GOT4.10c and CATS2008 models. The CryoSat-2
solution is more accurate than CATS2008 for the
FIG. 15. The annual (Sa) and semiannual (Ssa) tides mapped from
CryoSat-2. Since the amplitude of both tides far exceeds the am-
plitude observed by in situ instruments, it is hypothesized that the
apparent Sa and Ssa tides are caused by seasonal variations in the
surface properties of the ice shelves.
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M2, S2, andN2 tides, and its accuracy is only slightly
worse (1 to 8mm) for theK1,O1, P1, andQ1 tides. The
high-inclination orbit of CryoSat-2 poorly samples
theK2 tide, which has errors that are twice as large as
those from CATS2008.
The results indicate that CryoSat-2 should be a useful
data source for future data-assimilative tidemodels. Errors
in the present tidal estimates arise from instrument and
retracker errors, as well as from the simplified spatial
signal model. Future efforts will investigate CryoSat-2
data that have been reprocessed using alternative
methods to reduce retracker errors (Nilsson et al. 2016);
however, assimilation of the present data into a hydro-
dynamic model ought to improve upon the simple spa-
tial model employed in the present study and, perhaps,
enable the identification of even smaller tides.
TABLE A1. Comparisons of M2 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.891 0.872 0:8906 0:026 2119.2 2113.6 2117:56 1:6 1.8 4.5
LAR2 1.039 0.985 0:9666 0:002 2111.3 296.2 2114:56 0:1 6.5 21.9
LAR1 0.897 0.886 0:9026 0:023 2104.7 2108.1 2108:76 1:5 4.4 1.3
EE55 1.168 1.190 1:2196 0:004 81.5 84.7 84:96 0:2 6.2 2.0
FR06 0.882 0.878 0:8906 0:021 88.4 94.0 94:66 1:4 6.8 1.1
FR07 0.308 0.263 0:2566 0:002 112.2 132.4 129:36 0:3 6.9 1.1
FR10 0.265 0.198 0:2316 0:007 212.5 237.5 233:76 1:9 6.8 2.5
FR09 0.735 0.704 0:6846 0:002 21.5 19.9 19:76 0:2 3.9 1.4
FR02 0.806 0.748 0:7656 0:029 22.8 25.5 25:46 2:2 3.8 1.2
FR03 1.154 1.072 1:1116 0:026 12.6 8.8 10:66 1:5 4.2 3.6
FR05 1.164 1.176 1:1936 0:003 70.1 73.1 73:26 0:1 5.0 1.2
A007 0.551 0.552 0.571 2115.0 2116.1 2118:0 2.5 1.9
A041 0.556 0.565 0.588 2119.4 2119.9 2120:2 2.3 1.6
A042 0.734 0.733 0.772 2110.1 2112.7 2112:3 3.4 2.8
A066 0.695 0.719 0.701 2125.9 2131.1 2127:3 1.3 3.6
A010 0.546 0.548 0.560 2139.1 2138.1 2130:0 6.3 5.6
A009 0.445 0.446 0.460 2155.9 2154.6 2159:0 2.1 2.6
A002 0.430 0.428 0.339 2155.5 2155.8 2162:1 7.2 7.0
A008 0.405 0.386 0.410 2167.3 2166.4 2171:0 1.9 2.8
A020 0.346 0.313 0.347 2175.8 2179.6 2177:0 0.5 2.8
TABLE A2. Comparisons of S2 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.638 0.599 0:4066 0:023 289.2 286.1 281:26 3:3 17.2 14.0
LAR2 0.757 0.647 0:6496 0:002 281.3 288.1 285:26 0:2 8.3 2.3
LAR1 0.639 0.597 0:3556 0:024 274.1 278.7 275:96 3:5 20.2 17.2
EE55 0.764 0.681 0:7776 0:004 113.5 114.1 113:66 0:3 0.9 6.8
FR06 0.566 0.545 0:4516 0:020 121.7 127.4 142:36 2:5 15.1 11.2
FR07 0.195 0.170 0:1546 0:002 159.4 168.1 171:36 0:7 3.9 1.3
FR10 0.138 0.134 0:1406 0:008 22.7 243.5 216:66 2:9 2.4 4.5
FR09 0.449 0.367 0:4006 0:002 46.7 43.1 43:66 0:3 3.8 2.3
FR02 0.545 0.471 0:4856 0:030 19.3 14.2 18:56 3:3 4.3 2.8
FR03 0.777 0.705 0:8166 0:025 36.2 34.0 37:36 2:0 3.0 8.5
FR05 0.758 0.706 0:7506 0:002 101.4 99.9 100:76 0:2 0.8 3.2
A007 0.394 0.409 0.388 292.7 294.9 298:0 2.6 2.2
A041 0.395 0.397 0.403 296.6 298.1 297:9 0.8 0.4
A042 0.514 0.516 0.525 287.9 288.7 290:7 2.0 1.4
A066 0.491 0.471 0.484 2103.1 2106.5 2105:4 1.5 1.1
A010 0.391 0.392 0.390 2116.2 2116.9 2118:0 0.9 0.5
A009 0.326 0.333 0.330 2132.8 2134.2 2137:0 1.7 1.2
A002 0.317 0.315 0.255 2132.5 2134.5 2136:1 4.6 4.3
A008 0.302 0.293 0.300 2143.9 2145.3 2149:0 1.9 1.4
A020 0.265 0.256 0.259 2159.3 2166.2 2152:0 2.4 4.5
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TABLE A3. Comparisons of N2 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.139 0.139 0:1356 0:021 2135.1 2132.1 2142:96 9:5 1.3 1.8
LAR2 0.163 0.179 0:1376 0:002 2127.6 2130.4 2132:76 0:9 2.1 3.0
LAR1 0.140 0.135 0:1326 0:026 2121.0 2121.7 2134:96 10:4 2.4 2.2
EE55 0.195 0.142 0:1836 0:004 64.9 53.1 64:76 1:3 0.9 3.7
FR06 0.149 0.128 0:1226 0:021 71.7 81.9 66:06 10:6 2.1 2.5
FR07 0.054 0.056 0:0366 0:001 88.1 97.6 101:56 2:6 1.4 1.4
FR10 0.050 0.046 0:0366 0:006 226.2 222.8 248:36 11:5 1.5 1.4
FR09 0.126 0.137 0:1046 0:002 1.8 5.4 5:26 1:0 1.6 2.3
FR02 0.156 0.126 0:1026 0:029 219.4 226.2 218:16 17:4 3.8 2.0
FR03 0.211 0.186 0:1416 0:028 25.9 25.9 1:06 12:7 5.1 3.5
FR05 0.194 0.178 0:1756 0:003 53.5 46.8 56:16 0:8 1.4 2.0
A007 0.087 0.095 0.092 2123.9 2125.9 2133:0 1.1 0.9
A041 0.088 0.094 0.089 2129.4 2132.2 2130:5 0.1 0.4
A042 0.122 0.103 0.119 2120.1 2119.2 2122:8 0.5 1.2
A066 0.113 0.112 0.102 2137.0 2147.5 2143:1 1.1 0.9
A010 0.087 0.085 0.090 2150.7 2154.1 2151:0 0.2 0.5
A009 0.070 0.062 0.070 2168.1 2163.1 2167:0 0.1 0.7
A002 0.068 0.070 0.052 2167.8 2169.4 174.2 1.7 1.8
A008 0.064 0.056 0.080 179.6 178.3 180.0 1.1 1.7
A020 0.055 0.057 0.055 160.5 163.5 154.0 0.4 0.7
TABLE A4. Comparisons of K2 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.175 0.156 0:1216 0:018 288.5 258.1 281:76 8:0 4.0 4.7
LAR2 0.210 0.509 0:1936 0:002 280.2 262.9 284:96 0:5 1.6 23.9
LAR1 0.176 0.138 0:1066 0:018 273.0 252.6 276:46 8:9 5.0 4.2
EE55 0.213 0.250 0:2356 0:003 114.9 148.2 112:56 0:9 1.7 10.6
FR06 0.159 0.155 0:1346 0:014 123.1 148.9 141:86 7:1 3.8 2.0
FR07 0.059 0.146 0:0516 0:001 155.4 2156.2 169:36 1:5 1.1 7.6
FR10 0.041 0.028 0:0456 0:005 5.7 273.2 216:86 6:8 1.2 2.6
FR09 0.127 0.092 0:1206 0:001 45.5 100.1 43:76 0:7 0.5 7.3
FR02 0.165 0.099 0:1476 0:022 20.2 29.1 17:66 9:2 1.4 3.8
FR03 0.226 0.132 0:2386 0:022 36.4 50.2 37:26 5:4 0.8 8.0
FR05 0.210 0.188 0:2236 0:002 102.7 138.3 100:26 0:5 1.2 9.8
A007 0.106 0.116 0.108 289.9 286.2 297:0 0.9 1.6
A041 0.107 0.109 0.121 294.5 2111.8 298:3 1.1 2.1
A042 0.143 0.156 0.156 283.5 288.8 290:7 1.6 0.4
A066 0.136 0.170 0.152 2100.1 2112.7 2108:6 1.9 1.5
A010 0.107 0.126 0.110 2114.8 2124.1 2119:0 0.6 1.3
A009 0.091 0.114 0.100 2131.4 2121.9 2138:0 1.0 2.3
A002 0.088 0.105 0.073 2131.3 2128.0 2133:7 1.1 2.3
A008 0.084 0.095 0.080 2142.6 2152.2 2146:0 0.4 1.3
A020 0.074 0.113 0.074 2159.4 2168.3 2160:0 0.1 2.9
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APPENDIX
CryoSat-2 and CATS2008 Tides at in situ Stations
Tables A1 through A8 present tidal amplitude and
phase at each of the sites where in situ data were
available for comparison. The sites, LAR1, LAR2,
LAR3, EE5, FR02, FR03, FR05, FR07, FR09, and
FR10, are taken from the supplementary material of
King et al. (2011); they are tides inferred from
the GPS elevation records. As mentioned in the
text, the sites LAR2 and EE55, where the largest
errors are found, are also the closest sites to the
grounding line, and errors at these sites are not used
when computing the rmsve summary reported in
Table 5.
TABLE A5. Comparisons of K1 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.310 0.299 0:3206 0:018 5.8 5.3 9:86 3:4 1.7 2.3
LAR2 0.352 0.356 0:3626 0:002 7.1 24.8 5:66 0:4 0.9 4.6
LAR1 0.342 0.348 0:3656 0:018 19.7 10.4 15:36 2:6 2.6 2.4
EE55 0.371 0.390 0:4336 0:003 73.7 71.0 72:46 0:4 4.4 3.2
FR06 0.343 0.335 0:3906 0:026 76.5 79.3 76:06 3:8 3.3 4.2
FR07 0.314 0.388 0:3766 0:002 62.6 64.6 59:76 0:3 4.6 2.5
FR10 0.278 0.200 0:3096 0:018 43.5 42.4 41:26 3:5 2.3 7.7
FR09 0.312 0.325 0:3526 0:002 48.5 46.8 46:56 0:3 3.0 1.9
FR02 0.356 0.381 0:3996 0:022 40.4 38.0 39:86 3:5 3.1 1.6
FR03 0.412 0.501 0:4576 0:027 44.4 40.4 42:36 3:7 3.4 3.3
FR05 0.370 0.410 0:4246 0:003 68.6 66.7 67:66 0:3 3.9 1.1
A007 0.350 0.317 0.361 12.5 7.9 17.0 2.1 4.9
A041 0.314 0.327 0.338 11.9 12.0 14.6 2.0 1.3
A042 0.301 0.313 0.317 11.8 11.7 11.9 1.2 0.3
A066 0.295 0.308 0.298 9.7 8.2 9.4 0.3 0.8
A010 0.280 0.280 0.290 5.9 3.4 5.0 0.8 0.9
A009 0.261 0.269 0.270 20.1 3.4 22:0 0.9 1.8
A002 0.256 0.253 0.257 20.2 1.6 3.2 1.1 0.6
A008 0.262 0.249 0.270 25.0 22.3 28:0 1.1 2.4
A020 0.246 0.255 0.253 29.4 214.4 29:0 0.5 1.7
TABLE A6. Comparisons of O1 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.273 0.263 0:2776 0:017 23.3 1.2 0:26 3:4 1.2 1.0
LAR2 0.300 0.346 0:2976 0:002 24.4 218.0 27:96 0:4 1.3 5.3
LAR1 0.318 0.312 0:3176 0:018 8.1 20.3 3:76 2:9 1.7 1.6
EE55 0.382 0.364 0:4156 0:002 62.8 92.3 62:46 0:3 2.3 14.6
FR06 0.358 0.359 0:3886 0:027 65.0 69.8 64:06 3:7 2.1 3.4
FR07 0.351 0.338 0:3736 0:002 50.5 54.9 47:66 0:3 2.0 4.1
FR10 0.299 0.282 0:3016 0:016 34.7 27.4 33:06 3:0 0.7 2.4
FR09 0.319 0.337 0:3326 0:002 40.5 41.8 39:06 0:3 1.1 1.2
FR02 0.355 0.356 0:3736 0:022 32.2 31.2 31:16 3:7 1.4 1.2
FR03 0.409 0.414 0:4186 0:028 36.0 35.1 35:56 3:8 0.7 0.3
FR05 0.377 0.401 0:4026 0:002 58.5 64.1 58:36 0:4 1.7 2.8
A007 0.310 0.312 0.302 4.2 5.7 6.0 0.9 0.7
A041 0.329 0.318 0.342 5.1 5.6 6.3 1.0 1.7
A042 0.314 0.301 0.320 4.6 3.1 5.2 0.5 1.6
A066 0.309 0.290 0.311 2.2 6.4 2.8 0.3 2.0
A010 0.298 0.287 0.310 22.1 22.6 21:0 0.9 1.7
A009 0.282 0.288 0.290 28.2 22.8 28:0 0.6 1.9
A002 0.278 0.271 0.271 28.6 24.2 25:6 1.1 0.5
A008 0.285 0.262 0.290 213.0 211.8 213:0 0.4 2.0
A020 0.270 0.266 0.270 218.4 218.4 217:0 0.5 0.6
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The sites A002, A007, A008, A009, A010, A020,
A041, A042, andA066 are historical sites taken from the
Antarctic Tide Gauge Database (King and Padman
2005; L. Padman et al. 2017, unpublished data). The sites
used are ones where the tide was computed from bottom
pressure gauges, rather than tiltmeters.
The sites are listed in order clockwise around the Larsen
and Filchner–Ronne Ice Shelves, starting from the west,
and from west to east in the eastern Weddell Sea.
Values tabulated under the ‘‘CAT’’ column are from the
CATS2008model, and values under the ‘‘C2a’’ column are
from the nominal estimate discussed in the text.
TABLE A7. Comparisons of P1 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.096 0.103 0:1036 0:022 25.8 3.3 9:56 11:0 2.1 0.8
LAR2 0.102 0.132 0:1176 0:003 28.4 29.9 4:96 1:1 3.3 2.5
LAR1 0.100 0.112 0:1186 0:020 34.8 12.5 15:06 10:6 2.9 0.6
EE55 0.126 0.113 0:1436 0:003 72.2 58.6 74:46 1:1 1.2 3.2
FR06 0.117 0.124 0:1326 0:027 74.8 73.9 75:86 12:6 1.1 0.6
FR07 0.113 0.092 0:1226 0:002 61.1 44.8 56:36 0:9 1.0 2.6
FR10 0.097 0.106 0:1026 0:021 42.4 26.9 40:96 10:7 0.4 1.8
FR09 0.107 0.128 0:1186 0:002 47.8 47.8 50:76 1:1 0.9 0.8
FR02 0.121 0.125 0:1366 0:028 40.5 44.9 39:76 10:2 1.0 1.1
FR03 0.139 0.143 0:1546 0:033 44.1 40.3 42:56 11:3 1.1 0.9
FR05 0.125 0.144 0:1446 0:003 67.4 68.7 69:76 1:1 1.4 0.2
A007 0.102 0.103 0.119 10.6 10.3 17.0 1.5 1.5
A041 0.102 0.104 0.113 13.6 12.3 13.8 0.8 0.7
A042 0.100 0.085 0.105 12.4 6.7 12.1 0.4 1.5
A066 0.097 0.077 0.103 10.2 15.9 9.3 0.5 2.0
A010 0.092 0.100 0.100 6.8 2.9 4.0 0.6 0.1
A009 0.086 0.069 0.090 0.7 215.3 24:0 0.6 1.9
A002 0.084 0.078 0.087 0.6 29.3 2.0 0.2 1.3
A008 0.086 0.079 0.090 24.2 23.6 29:0 0.6 1.0
A020 0.081 0.056 0.084 29.0 0.3 210:0 0.2 2.2
TABLE A8. Comparisons of Q1 at GPS and historical tide stations.
Amplitude (m) Phase (8) Vector error (cm)
CAT C2a In situ 6 error CAT C2a In situ 6 error CAT C2a
LAR3 0.066 0.027 0:0636 0:018 6.4 20.4 217:76 16:4 1.9 3.2
LAR2 0.069 0.050 0:0616 0:002 7.8 217.9 216:96 2:1 2.1 0.8
LAR1 0.072 0.070 0:0706 0:018 13.8 217.4 219:16 14:9 2.8 0.1
EE55 0.086 0.247 0:0936 0:003 53.2 76.5 56:06 1:4 0.6 11.5
FR06 0.081 0.063 0:0776 0:025 55.1 61.9 44:06 18:9 1.1 1.8
FR07 0.081 0.059 0:0866 0:002 40.6 51.2 37:56 1:5 0.5 2.2
FR10 0.069 0.078 0:0636 0:017 26.3 0.2 16:26 14:6 0.9 1.7
FR09 0.073 0.084 0:0756 0:002 31.7 41.7 31:76 1:6 0.2 1.1
FR02 0.080 0.082 0:0776 0:024 24.4 32.6 22:56 16:3 0.3 1.0
FR03 0.092 0.073 0:0826 0:029 27.9 38.3 31:06 22:3 0.8 1.0
FR05 0.085 0.091 0:0936 0:003 49.0 41.4 50:56 1:6 0.6 1.0
A007 0.073 0.074 0.074 20.9 0.6 22:0 0.1 0.2
A041 0.076 0.068 0.082 21.4 3.4 20:4 0.5 1.1
A042 0.072 0.047 0.075 21.7 229.9 21:3 0.2 2.9
A066 0.071 0.065 0.069 24.1 21.4 25:8 0.2 0.5
A010 0.069 0.071 0.080 28.4 29.0 28:0 0.8 0.7
A009 0.066 0.076 0.070 214.6 217.0 211:0 0.4 0.7
A002 0.065 0.066 0.065 214.8 219.4 215:7 0.1 0.3
A008 0.066 0.076 0.080 219.9 224.0 219:0 1.0 0.6
A020 0.063 0.041 0.063 224.7 26.3 226:0 0.1 2.0
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